A large number of fresh water and saline ponds are located in the Labyrinth (77" 33' S, 160" 50' E) of the upper Wright Valley in the Dry Valleys region of southern Victoria Land, Antarctica. It is situated near the terminus of the Wright Upper Glacier between 800-l 000 m above sea level. From a limnological point of view, the most interesting problems concerning these saline ponds are the origin of their salts and their evolutional history.
Introduction
. Most of these lakes and ponds are located in depressions in ice-free areas or in There are more than 16 ice-free areas, so-called drainage basins enclosed by glaciers, and are fed 'oases', throughout Antarctica (Simonov, 197 1) .
by surface meltwater and sub-surface flow from Their most conspicuous feature is the occurrence glaciers and adjacent snow fields during the of many lakes and ponds, the waters of which austral summer. contain chloride ions in amounts ranging from Wright Valley is a major valley of the Dry less than 10 mg kg-' to about 250 g kg-' (Torii Valleys (Fig. 1) . Although this valley was a fjord during the late Miocene (Webb, 1972) , it appears that the saline waters in the valley have been derived from the accumulation of atmospheric salts rather than the alteration of trapped seawater (Torii & Yamagata, 198 1; Torii et al., 198 1) . Masuda et al. (1984) reported that aerosol particles also played a major role in the origin of the trace elements in certain Dry Valley lakes, such as Lakes Vanda and Canopus. Murayama et al. (1983) surveyed saline ponds in the high altitude area of the upper Victoria Valley in order to examine the validity of the above theory for salt origin proposed by , and found one saline pond (B-l pond, unnamed) at the foot of Mt. Bastion (at an altitude of 1450 m) containing 17 g kg-' of chloride ion.
The Labyrinth, an extensive area exposed approximately 5.5 km width and 7 km length, by glacial retreat is situated near the terminus of the Wright Upper Glacier at the west end of Wright Valley (Fig. 2) . The basement rocks in the area consist mainly of dolerite with virtually no detritius or sediment. The cross-profiles of the troughs are irregular, where the upper walls are high. They are usually composed of columns of dolerite blocks and are nearly vertical. The trough floors are mostly V-shaped with many of the lowest points being offset from the center of the troughs and, in some instances, located close under one of the walls (Selby & Wilson, 1971) .
More than 60 ponds containing fresh and saline waters occur in depressions where meltwater is supplied from glacier and snow banks. The altitude of these systems ranges from 800 to 1000 m above sea level where the possibility of trapped seawater cannot be easily assumed. Here we report data on chemical elements and stable isotope ratios of hydrogen and oxygen for water samples from 16 typical ponds among 61 studied in the Labyrinth to characterise the ponds and discuss the origin of pond waters and their salts.
Materials and methods
Water samples were collected during austral summers 1976-77 to 1985-86 with polyethylene bottles after drilling through the pond ice using a Sipre ice auger. Water temperature, dissolved oxygen, alkalinity, pH and electrical conductivity were measured immediately after sampling. Dissolved oxygen and alkalinity were determined by the Winkler method and by the titration method at pH 4.3 using BCG indicator, respectively. The main chemical components were analysed in the laboratory by the following methods. Li, Na, K: Atomic absorption spectrophotome-0. Ca, Mg: Atomic absorption spectrophotometry for low salinity and the EDTA titration method for high salinity. Cl:
Mercuric thiocyanate spectrophotometry for low salinity (Iwasaki et al., 1956 ) and mercuric nitrate titration method for high salinity (Domask & Kobe, 1952) . so,:
Spectrophotometry for low salinity (Iwasaki et al., 1957) and gravimetry for high salinity. F:
Ion selective electrode method. (Schucker et al., 1975) . D/H and Uranium-reduction (Friedman, '8o/'6o 1953) and the H,O-CO, equilibration ratios :
method (Epstein & Mayeda, 1953) , respectively. The results are reported as delta values relative to the SMOW standard (Craig, 1961) .
where X is D or 180 and R is D/H or '80/'60.
Results and discussion
The general nature of the ponds
The size of ponds in Labyrinth area is typically less than 100 m in diameter with a water depth of 0.2-2.2 m. The volume of pond waters changes remarkably from year to year. During the 1977 to 1985 austral summers, pond water volumes tended to decrease, but in the 1985-86 summer season, the pond water volumes increased abruptly.
In general, most of these ponds were covered with ice even in the austral summer, and some were perennially frozen to the bottom (L-12 and L-18 ponds). On the other hand, high salinity ponds such as L-l, L-4 and L-9 ponds were usually ice free and/or sometimes dried up. The water temperatures showed a wide range of variation from -2.0 to + 10.9 "C (Table 1 ). All the ponds were basic, the pH values ranging from 7.62 to 10.1. Extremely high pH values were observed at L-12 and L-18 ponds and were attributed to the consumption of carbonates by intensive photosynthesis as extensive cyanobacterial mats were observed at the pond edges. Dissolved oxygen and alkalinity ranged from 0.32 to 25.1 ml l-l and from 0.09 to 25.4 meq l-', respectively. The high dissolved oxygen contents can again be explained by photosynthetic activity.
Chemical composition of the pond waters
The nature of saline waters in the Dry Valleys region is variable in chemical composition and salinity, and differs considerably from valley to valley as well as from lake to lake. Dissolved salts in, for example, Lake Vanda and Don Juan Pond, in Wright Valley, are predominantly CaCl,, whereas in Lake Bonney in the Taylor Valley, NaCl and MgCl, are the main salts (Fig. 3) . very low concentration of 0.0049 g kg-' (which is similar to those of snow and glacial meltwaters) to extremely high concentrations of 52.4 g kg-' (L-9 pond). Despite proximity to the glacier, 35 of the 61 ponds were found to be saline, largely as a result of topographic barriers to meltwater input.
In general, the ratios of sodium ion to chloride ion in pond waters in the Labyrinth closely resembled that of seawater, while the ratios of Ca, Mg and sulfate ions to chloride ion were much higher than those of seawater. Figure 4 is a triangular co-ordination diagram showing relative concentrations of sodium plus potassium, magnesium, and calcium ions in equivalent percentages. The small solid triangle in the diagram represents seawater, and the solid, arrowed line shows the course of evolution of the brine under frigid conditions, as determined by Thompson and Nelson (1956) . The cation compositions of freshwater ponds in the Labyrinth were generally located somewhere between snow (S) and running glacial meltwater (G), while that of the saline waters was similar to those of Lake Bonney in Taylor Valley and B-1 pond in the upper Victoria Valley (Fig. 4) , discussed in Torii & Yamagata, 198 1. This shows that the salt compositions of pond waters in the Labyrinth resemble those of ponds and lakes elsewhere in the Dry Valleys region.
Lithium was found to be less than 0.02 mg 1 -l in all the pond waters as well as in all snow and glacier ice samples. In contrast, the bottom waters of Lakes Bonney and Fryxell in Taylor Valley, and Lake Vanda in Wright Valley contain lithium in much higher concentrations, ranging from 0.13 to 24.0 mg l-' (N. Takamatsu, pers comm).
The ratios of fluoride ion to chloride ion (F-/Cl-: 0.534~10-~ -17.8~10-~) in pond waters, both fresh and saline, are much larger than that of seawater (6.91 x 10e5). On the other hand, whilst ratios of boron to chloride ion (B/Cl-: 2.3~10~~ -140~10-~) in waters of freshwater ponds are much larger than that of 262 seawater (2.4x 10-4), the ratios (.36x 10e4 -7.0~10~~) in saline ponds are almost of the same order (Table 1) .
The high F -/Cl-and B/Cl -ratios of the freshwater ponds can be explained by the fact that meltwater (F-/Cl-: 4.0~10-~ -5.2x10-2, B/Cl-: 93~10~~ -110~10-~, Table 1 ) of the Wright Upper Glacier is high in boron and fluoride and that both snow and rain are also usually enriched in fluoride ion (Sugawara, 1964) and boron (Muto, 1956 ), compared with seawater. The low B/Cl-ratios in saline ponds are probably due to the gradual volatilisation of boron during freezing and evaporation processes under the extreme frigid conditions. Source of the pond water Net isotopic effects due to the evaporation of lake water are dependent on the surface temperature of the water, humidity of overlying atmosphere, the isotopic ratios of atmospheric moisture, and salinity and chemical composition of lake water (Craig et al., 1963 ; Gonfiantini, 1965 ; Craig & Gordon, 1965; Sofer & Gat, 1972 . According to Matsubaya et al. (1979) , the isotopic ratios of lake waters in the Dry Valleys region are controlled by the steady-state balance between evaporation and inflow. Thus, the isotopic ratio in pond waters does not explain the history of the ponds. bD and P80 values for the Wright Upper Glacier ice, snow and pond waters in the Labyrinth are Although the second group (L-O-1, L-13-N and L-17 ponds) is also located at the terminus of the Wright Upper Glacier, the 6D and #*O values are higher by 30-50x, in 6D and by 4-7x,, in @*O than those of the first group, and follow the meteoric water relationship. These values are similar to those of the alpine glaciers (the Meserve and Bartley Glaciers) in Wright Valley, and those of water in Lake Vanda and are also in the same range as glaciers on the side wall of Taylor Valley (6D: -216 to -258x0, 6l*O: -28.4 to -33.6x,) (Matsubaya et al., 1979) . The alpine glaciers are fed by local snow and likewise these ponds may also be fed by local snowbelt.
The third group (L-1, L-4, L-7, L-9, L-12, L-20, E-7 and E-10 ponds) is distant from the terminus of the Wright Upper Glacier and seems to be fed by meltwater from surrounding snow banks. The 6D and 6180 values of this group vary from -174 to -235x, in 6D and -12.7 to -24.5x, in #*O, respectively, and lie on the right hand side of the meteoric water line in Fig. 5 . These values are much higher than those of the second group, and similar to that of hypersaline Don Juan Pond in Wright Valley. This isotopic feature shows that significant evaporation of pond water is taking place in these ponds even though some ponds (e.g. E-7, L-20 and L-12) are far less saline than others (e.g. E-10).
Salt origin in pond water and historical events As shown in Table 1 , very high concentrations of salts were observed in some saline pond waters. The salts dissolved in lake and pond waters in the Dry Valleys region have been studied by many workers and the suggested origins include thermal springs, a marine invasion of the valley, subsurface hypersaline glacial meltwaters, atmospheric salts and rock weathering. Most workers have suggested multiple sources to account for all the salts.
The presence of lithium can be interpreted as salts having been trapped from seawater and/or reaction of the rocks with hydrothermal waters (Takamatsu et al., 1983 (Takamatsu et al., , 1986 . However, none of the ponds in the Labyrinth, including those with a high salt concentration, contained any significant lithium. This also supports the argument that saline water can be formed by sources other than trapped seawater and/or hydrothermal activity. Though we cannot deny the likely contribution of salts from rock weathering, we would suggest that the evolution of saline pond waters in the Labyrinth follows the sequence outlined earlier for Dry Valley lakes by Torii & Yamagata (198 1) . Namely, the ponds start as glacial meltwater and snowmelt held in depressions and that the composition gradually approaches that of seawater and then moves to the right of the chemical composition diagram (Fig. 4) , as does seawater, under frigid conditions, in the Thompson and Nelson model. Torii et al. (1979) have calculated that the greatest possible estimated age of a saline pond (L-1) in the Labyrinth was 56 000 years, based on sodium ion concentration (4.13 g kg -' ), but they did not include in their calculations the salt supply from rock weathering and ion exchange from the surrounding catchment area. In the former case, 264 sodium ion was assumed to be supplied only by meteoric water. We think this age is reasonable, but that the true age would be much younger taking the contribution of salts from rock weathering and evaporites into consideration. Thus the estimated age of the saline ponds in the Labyrinth would appear to be less than 1 x lo5 years.
